Biphasic waveforms reduce defibrillation threshold compared with corresponding monophasic waveforms. However, effects of fibrillation duration on relative efficacy of monophasic and biphasic waveforms are unknown. This study used a newly developed defibrillation model, the isolated rightand left-sided working rabbit heart, with epicardial defibrillation electrodes, to compare threshold for a monophasic waveform (5 msec rectangular) and an asymmetrical biphasic waveform (5 msec each pulse, V2=50%S V1). Mean voltage defibrillation threshold (V_%) was determined from sigmoidal probability of successful defibrillation versus shock intensity curves after 5, 15, and 30 seconds of fibrillation in a paired study with 10 hearts. Results showed that biphasic waveforms had significantly lower voltage and energy thresholds at all fibrillation durations and that their relative efflicacy improved with increasing fibrillation duration. Biphasic voltage threshold was 38.2 2.2, 44.7 4.8, and 46.6±+3.2 V after 5, 15, and 30 seconds of fibrillation compared with monophasic thresholds of 51.7±+4.4 (p<0.002), 63.0± 7.6 (p<0.05), and 72.1 3.9 V (p <O.CP5). Biphasic waveform energy threshold was 0.67 that for the monophasic waveform after 5 seconds of fibrillation (0.12 ±0.01 versus 0.18 ±0.03 J, p<0.05). The ratio between biphasic waveform threshold and monophasic waveform threshold (B/M) decreased to 0.62 at 15 seconds. At 30 seconds, B/M was 0.52 (0.17±0.02 versus 0.33±0.04 J, p<0.02). This study also showed that biphasic waveform threshold was a nonlinear function of monophasic waveform threshold so that improved biphasic defibrillator waveform efficacy was greatest for hearts having higher monophasic thresholds. These results are consistent with the hypothesis that biphasic waveforms lower defibrillation threshold by forcing recovery of excitation channels in the depolarized, partially refractory ventricular cells found during fibrillation. (Circulation Research 1990;67:376-384) P atients with recurrent episodes of ventricular fibrillation are often treated by implantation of an automatic defibrillator system, a procedure that currently requires sternotomy or thoracotomy and placement of epicardial patch electrodes. Occasionally, patients are placed at surgical risk without the benefit of defibrillator implantation because of unacceptably high thresholds. New nonthoracotomy lead systems with right ventricular/superior vena cava cath-
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Biphasic waveforms, which lower defibrillation thresholds in animal models, may restore acceptable thresholds with both epicardial and nonstandard defibrillator lead systems and are being investigated for potential clinical implementation.' However, specific biphasic waveforms are chosen empirically because mechanisms through which biphasic waveforms decrease defibrillation threshold are unknown. 2 The currently accepted hypothesis is that defibrillation is produced by excitation of a critical mass of ventricular cells,3'4 so phenomena associated with cellular excitation may be relevant to defibrillation. However, during fibrillation, cells become ischemic and depolarized, have short cycle length,56 and are at various phases of their cardiac cycle. Therefore, some cells must be stimulated during their relative refractory period. The resulting activation, or production of a graded response, prolongs total refractory period and terminates the arrhythmia. Previous work in this laboratory using the cultured cell model showed that excitation threshold for monophasic waveforms increases under conditions simulating fibrillation, that is, increased extracellular potassium and short cycle length encroaching on the refractory period.2 This work also showed that threshold for biphasic waveforms remained relatively stable as monophasic threshold increased so that the biphasic threshold divided by the monophasic threshold (B/M) was inversely proportional to the degree of threshold increase observed with the monophasic waveform.2 If the excitation hypothesis is correct, data from the cell culture model predicts that, as defibrillation threshold for the monophasic waveform increases, threshold for the biphasic waveform would remain relatively stable.
Our study tests this hypothesis by examining defibrillation threshold for monophasic and biphasic waveforms after 5 seconds of fibrillation when cells have not yet become ischemic, after 30 seconds fibrillation when cells are becoming ischemic and depolarized, and after the intermediate fibrillation duration of 15 seconds. The study was carried out in a new defibrillation model: the isolated complete rightand left-sided working rabbit heart. This model combines the ability of intact hearts to sustain fibrillation with the openness for experimental manipulation of the cultured cell model.
Methods

Isolated Leftand Right-Sided Working Rabbit Heart Preparation
The isolated working rabbit heart preparations used for these experiments were configured so that both the right and left sides of the heart produced forward flow against physiological levels of afterload resistance, and coronary perfusion pressure was generated solely by the left ventricle. Hearts could also be perfused from a fixed aortic pressure (Langendorff method) during initial surgical preparation and immediately postdefibrillation if recovery of adequate coronary perfusion pressure was delayed, a condition that occurred occasionally after long fibrillation durations.
Perfusate solution was prepared using cell culturegrade reagents (Sigma Chemical Co., St. Louis) and contained millimolar concentrations of NaCl 118, NaHCO3 32, NaH2PO4 1.2, sodium pyruvate 2, KCl 4, dextrose 5.5, MgSO4 1.2, CaCl2 2.5, and 10 IU regular pork insulin. After gassing with 95% 02-5% C02, the perfusate was pH 7.37+0.01, Po2 596±+19 mm Hg, and Pco2 47± 1.4 mm Hg.
New Zealand White rabbits ranging in weight from 3.0 to 5.2 kg were anesthetized to a deep surgical plane with pentobarbital (50 mg/kg initial dose). and the aorta was cannulated with a modified double-lumen 11.5F Mahurkar catheter (Quinton-Instruments, Seattle). Coronary perfusion was established using a constant pressure of 80 mm Hg within 30 seconds of excision to create a Langendorff perfused heart.
To produce a left-sided working heart, blunt dissection and selective ligation of the pulmonary veins was followed by left atrial cannulation via the appendage. A maximum preload of 8 mm Hg was established by feeding perfusate from a preload vessel into the bottom of an open vertical heat exchanger tube that also served as a bubble trap and was placed 11 cm above the left atrium. A second line from the bottom of the verticle bubble trapping tube was used as the left atrial cannula. During sinus rhythm, the left ventricular preload was maintained at or below 8 mm Hg. During induced ventricular fibrillation, preload increased until the open bubble trap overflowed. Therefore, the preload vessel could be independently kept at a sufficient height to maintain adequate flow during normal sinus rhythm, but the heart was not exposed to pressures higher than 8 mm Hg during fibrillation. Left ventricular afterload was adjusted using the combination of an 80 cm3 air compression capacitance vessel and outflow tubing that allowed forward flow when aortic pressure exceeded 80 mm Hg. A shunt tube from the aorta was adjusted so that when it was opened during fibrillation induction, aortic pressure dropped to the mean circulatory pressure of 8 mm Hg within 5-8 seconds.
The right-sided working heart was established by cannulating the pulmonary artery and placing the cannula output at the same height as maximum preload. Peak right ventricular pressures of 10-15 mm Hg were recorded during sinus rhythm. The superior vena cava was cannulated with an 8F bipolar catheter with a lumen (USCI, Billerica, Mass.) that was directed through the tricuspid valve to the right ventricular apex. The inferior vena cava was ligated, resulting in direction of coronary effluent to the pulmonary artery cannula via the right ventricle.
An elastic sock holding two, 1.27-cm-diameter, platinum, epicardial patch electrodes (model #RL021A, 1.1-cm2 surface area, CPI, St. Paul) was placed with the cathode over the left ventricle. Left ventricular pressure was monitored with 0.5mm-diameter Teflon tubing passed anterograde through the mitral valve via a left atriotomy, aortic pressure was monitored via the output lumen of the Mahurkar cannula, and right ventricular pressure was monitored through the bipolar catheter. A bipolar electrogram was recorded from the defibrillating patches with highand low-pass filters set at 40 and 500 Hz, respectively.
The entire preparation was placed in a Plexiglas warming chamber to maintain temperature at 37.00°±0.50 C. Temperature was monitored continuously using an encapsulated type-T thermocouple Hearts were rapidly excised via median sternotomy, (Cole-Parmer Instrument Co., Chicago, Ill.) placed retrograde through the pulmonic valve to the right ventricular apex.
Fibrillation and Defibrillation
Episodes of ventricular fibrillation were initiated with bipolar delivery of 60 Hz alternating current (2-10 V) delivered to the right ventricular apex via the indwelling bipolar catheter for 0.5-1 second. Monophasic and asymmetrical biphasic square wave defibrillation pulses were generated using a random function generator (Wavetek, San Diego) and were amplified by a modified power amplifier (SAE, Los Angeles). The monophasic defibrillation waveform was a 5-msec rectangular wave (Figure 1 , top); the biphasic waveform consisted of two rectangular pulses. The first pulse was 5 msec in duration, and the second pulse was 5 msec in duration and 50% of the first pulse in amplitude (Figure 1 , bottom). Defibrillating waveforms were delivered through epicardial patches after 5, 15, or 30 seconds fibrillation.
For each study, thresholds were determined under four conditions. Both monophasic and biphasic waveforms were examined in a single heart at two fibrillation durations, with 5 seconds fibrillation always being one of the durations and 15 or 30 seconds the second duration. This protocol allowed paired analysis for either waveform or fibrillation duration. Waveform morphology and fibrillation duration were chosen randomly within each experiment. Initial shock intensity was chosen based on experience. All subsequent shocks for a given waveform were modified based on success or failure of defibrillation. Shock intensity was increased 10 V if defibrillation failed or decreased by 10 V if defibrillation succeeded. Electrogram recording was interrupted during shock delivery to prevent current shunting. Current and voltage of each shock were recorded and displayed on an oscilloscope (model 7633, Tektronix, Beaverton, Ore.).
Unsuccessful defibrillation attempts were followed by a standard symmetrical biphasic rescue shock. Intervals of 2 minutes after defibrillation at 5 and 15 seconds or 3 minutes after defibrillation at 30 seconds were allowed before fibrillation reinduction.
Analysis of Results
Sigmoidal probability of successful defibrillation versus shock intensity curves was constructed using a modified error function fit routine (D. Swanson, Cardiac Pacemakers, Inc., unpublished information). Extensive testing in our laboratory with both dog and rabbit defibrillation data showed that, with approximately 15 shocks using the up-down algorithm described above, dose-response curves could be obtained that yielded voltage producing 50% successful defibrillation (Vso) very similar to that obtained with the more traditional method of giving five shocks at each of five shock intensities. Use of the modified error function fit routine allowed comparison of a greater number of waveforms within each heart because of the smaller number of shocks required to determine threshold for each waveform. V50 was used to define defibrillation threshold because it is the steepest, most sensitive portion of the sigmoidal dose-response curve, analogous to median lethal dose (LD50) used in drug studies. Changes in threshold produced by waveform morphology or fibrillation duration were compared with paired or unpaired Student's t test. Correlations between B/M and monophasic waveform threshold were determined with least-squares linear and nonlinear regression. Results were considered significant at p<0.05.
Results
To determine if defibrillation threshold changes with increasing fibrillation duration, thresholds were determined in 10 hearts using a total of 658 shocks. Five hearts were tested after both 5 and 30 seconds fibrillation with both monophasic and biphasic waveforms. Five separate hearts were evaluated with fibrillation durations of 5 and 15 seconds. This protocol allowed paired analysis. Mean heart weight was 15+2.2 g. Aortic pressures ranged from 75 to 130 mm Hg systolic and 40 to 75 mm Hg diastolic, depending on preload. Total cardiac output ranged from 68 to 109 ml/min, with a left ventricular enddiastolic pressure ranging from 0 to 8 mm Hg.
Fibrillation, as opposed to ventricular tachycardia, was confirmed by loss of aortic pressure, lack of left ventricular pressure pulses, and random morphology electrograms. Only episodes in which fibrillation was the presenting arrhythmia were included in subsequent data analysis. Possible changes in defibrillation threshold during each experiment were evaluated by X analysis of paired data points from the first and second half of the protocol. No significant timedependent changes in threshold were observed. Curves relating the probability of successful defibrillation to shock intensity for monophasic and biphasic waveforms after S and 30 seconds of fibrillation for a single heart are shown in Figure 2 . For this heart, V50 after S seconds of fibrillation was 54.0 V for the monophasic waveform and 48.1 V for the biphasic waveform. Therefore, B/M was 0.89, illustrating that the biphasic waveform improved voltage threshold only slightly in this heart after S seconds of fibrillation. After 30 seconds of fibrillation, V50 for the monophasic waveform increased to 75.7 V, whereas that for the biphasic waveform increased to only 53.6 V, showing the relative stability of the biphasic waveform threshold compared with the threshold of the monophasic waveform. Figure 3 shows V50 for the monophasic and biphasic waveforms after 5 and 30 seconds of fibrillation for each of the five hearts studied at these fibrillation durations. Mean defibrillation threshold for the monophasic waveform increased from 54.5 ±2.9 V at 5 seconds to 72.1±3.9 V at 30 seconds (p<0.01). Defibrillation threshold for the biphasic waveform threshold obtained after 5 seconds of fibrillation in the hearts examined at 5 and 15 seconds was not significantly different from that obtained from the five hearts examined at 5 and 30 seconds, the 5second data were pooled. Regression lines derived from the raw data from monophasic and biphasic waveforms showed that monophasic waveform threshold increased significantly (V50=48. Figure 5B shows a decrease in B/M as fibrillation duration increased and demonstrates the increasing relative efficacy of the biphasic waveform at longer fibrillation durations. A similar relation between defibrillation threshold and fibrillation duration was observed when threshold was defined in terms of shock energy. After 5 seconds of fibrillation, the energy required for defibrillation with the biphasic waveform (0.12+0.01 J) was 0.67 of that required for the monophasic waveform Threshold stabilization with the biphasic waveform is demonstrated in Figure 6 , which shows biphasic waveform threshold as a function of monophasic waveform threshold. The unity line predicts biphasic threshold under the null hypothesis that biphasic waveform threshold equals monophasic waveform threshold. The data show that monophasic waveform thresholds cluster at lower voltages after 5 seconds of fibrillation (open squares) and at higher voltages after 30 seconds of fibrillation (closed squares). Thresholds for some hearts increased after the intermediate fibrillation duration of 15 seconds, whereas thresholds for other hearts remained low. Independent of fibrillation duration, biphasic waveform threshold was a function of monophasic waveform threshold. At low monophasic waveform thresholds of up to approximately 50 V, biphasic waveform threshold increased, although more gradually than did monophasic waveform threshold. At higher monophasic waveform thresholds, biphasic waveform threshold remained stable as monophasic waveform threshold increased. Therefore, within the range of thresholds examined, the regression line is nonlinear (B=-14.3+1.67M-0.01M2, r=0.72, where B is the biphasic waveform threshold and M is the monophasic waveform threshold) and falls substantially below the unity line. A similar relation is demonstrated in Figure  7 When fibrillation is produced in the left-sided gnificantly different from zero (p<O.001).
working heart, aortic pressure declines naturally as i the small number of data points at 15 and 30 coordinated contractions cease, flow stops, and isch-(N=5) precluded adequate statistical analy-emia develops. However, right-sided pressures seconds fibrillation duration (with N= 10), remain low because fluid leaks readily from the right reased with increasing monophasic threshatrium, a situation similar to that which occurs in the [=1.15-0.008M, r=0.8) with a slope signifi-atriu,a situato smarto lifferent from "zero" (p<0.005). These retrograde perfused heart.
Lemonstrate that relative biphasic waveform
During fibrillation in the complete rightand leftis most improved for hearts having high sided working heart, aortic pressure drops and right asic threshold independent of fibrillation atrial pressure increases in a manner similar to that which occurs in vivo because the venae cavae are tied off and the pulmonary artery is cannulated with its Discussion height adjusted to produce 6-10 mm Hg pressure. Working Rabbit Heart Model for Therefore, fluid that is returned to the right side ition Studies during the first few seconds of fibrillation equilibrates experiments were carried out in an isolated at the mean circulatory pressure, resulting in physieprightand left-sided working rabbit heart. ologically realistic tissue and cavity volume increases.
Cardiac ischemia develops naturally as ventricular El 5 contractions cease and aortic and venous pressures * 15 mc equilibrate. These hemodynamic considerations may * 30 sec have significant effect on defibrillation current path-El +> sways because cavity and tissue pressures affect their relative volumes and conductivities, thereby influencing electric current paths through the heart.
The agreement between our results, which show an increase in defibrillation threshold for monophasic waveforms when fibrillation duration increases, and those obtained in vivo as described below suggest that the isolated complete working heart may be a valuable 20 30 40 50 60 70 80 90 model for studying defibrillation mechanisms. Monophasic Threshold (V) FIGURE 7 . Relative efficacy of the biphasic waveform (biphasic-to-monophasic [B/MI threshold ratio) as a function of monophasic waveform defibrillation threshold. The relative efficacy of the biphasic waveform is most pronounced for hearts having high monophasic waveform threshold.
Effect of Fibrillation Duration on Monophasic Waveform Threshold
In the complete working heart model, energy threshold increased from 0.18 J at 5 seconds to 0.26 J at 15 seconds and 0.33 J at 30 seconds. Therefore, mean energy threshold increased by a factor of 1. between 5 and 15 seconds, and by a factor of 1.8 between 5 and 30 seconds. Similar results were obtained in several in vivo studies. In the canine model,7 energy defibrillation threshold for a monophasic truncated exponential waveform, with 60% tilt and 6.5-msec duration, increased from 19 J at 5 seconds of fibrillation to 23 J at 15 seconds and 29 J at 30 seconds. Therefore, energy threshold at 15 seconds was 1.2 times that at 5 seconds, and threshold at 30 seconds was 1.5 times that at 5 seconds. Fujimura et al,8 using the sequential pulse technique in the open-chest pig model, found that energy defibrillation threshold after 40 seconds of fibrillation is less than 1.4 times threshold at 10 seconds. Defibrillation thresholds determined at 10 and 20 seconds in 10 patients during surgical implantation of an automatic defibrillator9 failed to show a significant difference in threshold. However, in a similar study with 14 patients, defibrillation threshold at a mean of 28 seconds, after a subthreshold pulse, was 17.6 J, whereas threshold at a mean of 12.4 seconds with no subthreshold pulse was 10.9 J.10 Although the role of the subthreshold pulse in producing the increased threshold is uncertain, these results suggest that threshold at approximately 30 seconds is 1.6 times that at approximately 10 seconds. The above studies consistently suggest that energy threshold after 30-40 seconds is less than twice that at 5-10 seconds.
Stabilization of Defibrillation Threshold With Biphasic Waveforms
Results from several laboratories have shown that, after 5, 10, or 15 seconds of fibrillation, specifically shaped biphasic waveforms have lower defibrillation thresholds than corresponding monophasic waveforms in dogs'1 and in humans.' Other studies show that asymmetrical biphasic waveforms with the first pulse larger in amplitude or longer than the second pulse defibrillate more effectively than waveforms with equal pulses or those with a larger second pulse. '2-16 Because in vivo results in the canine and human models suggest greater efficacy for asymmetrical biphasic waveforms, we chose an asymmetrical biphasic waveform for these experiments where the second pulse was 50% in amplitude of the first. However, all in vivo results described above were obtained with truncated exponential waveforms so that the transition voltage (or leading edge of the second pulse) varied with the duration of the pulse.
To avoid this complication, we used rectangular waveforms rather than truncated exponential discharges. Rectangular waveforms also allow comparison of results from the isolated heart model with those of the cultured cell model and permit creation of strength-duration curves for biphasic waveforms while keeping other waveform variables such as transition voltage constant.
Regression analysis of our results showed that, whereas defibrillation threshold for monophasic waveforms increased with increasing fibrillation duration (p<0.02), threshold for the biphasic waveform did not increase significantly (p<0.1). Mean biphasic threshold at 15 seconds (44.6 V) was 1.17 times that at 5 seconds (38.2 V), whereas threshold at 30 seconds (46.6 V) was 1.22 times that at 5 seconds. The stabilization of defibrillation threshold with biphasic waveforms is seen in Figure 6 , which shows an increasingly large deviation of the regression line from the unity line as monophasic threshold increases. The improved efficacy of the biphasic waveform is further demonstrated by the continuing decrease in B/M with increasing monophasic threshold as shown in Figure 7 . Therefore, an important finding of this study is that biphasic waveform defibrillation threshold remains low under conditions of high monophasic waveform threshold, independent of fibrillation duration.
Mechanism of Threshold Stabilization
With Biphasic Waveforms
The hypothesis that defibrillation is related to excitation of ischemic cells during their relative refractory period and the observation that biphasic waveforms stabilized excitation threshold under simulated fibrillation conditions2 suggested the working hypothesis for this study: that biphasic waveforms would also stabilize defibrillation threshold as monophasic defibrillation threshold increased.
Jones et a12 examined the excitation threshold of potassium depolarized myocardial cells at short cycle lengths simulating fibrillation. The results show that the excitation threshold for the symmetrical 5-msec monophasic rectangular waveform increased from 2.4 V/cm under control conditions ([K' ]., 6.5 mM; cycle length, 1,000 msec) to 4.0 V/cm under simulated fibrillation conditions ([K']., 10.5 mM; cycle length, 300 msec). Therefore, excitation threshold under simulated fibrillation conditions was 1.67 times that under control conditions. Under both control and fibrillation conditions, threshold for the biphasic waveform was significantly lower than that for the monophasic waveform. In addition, whereas monophasic waveform excitation threshold increased under fibrillation conditions, biphasic waveform threshold remained relatively stable so that B/M decreased from 0.77 to 0.65. This demonstrated the greater efficacy of the biphasic waveform as monophasic excitation threshold increased. The close correlation between monophasic and biphasic waveform excitation threshold alterations produced in the cultured cell model by simulated fibrillation and defibrillation threshold alterations produced by prolonged fibrillation in the isolated working heart model is consistent with the hypothesis that defibrillation is related to excitation of ventricular cells subjected to the stressful environment created during fibrillation.
A possible mechanism for threshold reduction with biphasic waveforms relates to physiological changes occurring in the cellular milieu during fibrillation.
Within the first few seconds of fibrillation, as action potentials in different regions of the ventricle become unsynchronized, cycle length decreases5,6 because cells are restimulated immediately after their refractory period. Therefore, a defibrillation shock will interact with most cells during their refractory period when partial ionic excitation channel inactivation still exists. Studies with myocardial cell aggregates under normal nonischemic conditions show that biphasic waveform refractory period stimulation enhances the cellular response as compared with monophasic waveform stimulation. Enhancement occurs in the form of both earlier refractory period responses and prolongation of response duration at specific coupling intervals.17-19 Therefore, biphasic defibrillation waveforms create longer postshock refractoriness in a greater percentage of cells than do monophasic waveforms regardless of fibrillation duration. Very rapid rates of cellular stimulation are soon combined with acidosis, hypoxia, and elevated extracellular potassium as fibrillation duration increases and global ischemia develops. This leads to even greater inactivation of ionic channels. With biphasic waveform stimulation, the initial hyperpolarizing pulse of sufficient duration forces transition of ionic excitation channels from inactive to resting states. The subsequent depolarizing pulse then encounters cells with a lower stimulation threshold than would a monophasic depolarizing pulse applied without channel priming.2 Therefore, the magnitude of improvement by biphasic waveforms depends on the degree of channel inactivation at the time of the shock. This hypothesis is also consistent with studies that demonstrate increased defibrillation threshold after administration of sodium channel blocking drugs.20
Clinical Implications
After 5 seconds of fibrillation, biphasic waveforms have lower threshold than monophasic waveforms in the clinical setting.' Threshold for the currently used monophasic truncated exponential discharge may increase with increasing fibrillation duration, for example, if the first shock fails. Threshold increases after implantation may also occur because of hypertrophy or increased cardiac volume produced by heart failure. Therefore, energy output of programmable internal defibrillators kept high to cover these contingencies may result in decreased battery life and increased probability of shock-induced myocardial dysfunction. In some cases, particularly with use of nonstandard lead configurations, maximum output may be inadequate to ensure defibrillation success. If biphasic waveforms not only decrease threshold under the ideal conditions of the operating room but also stabilize threshold under adverse conditions, they will allow broader application of this technology.
